To establish the relationship between the substructure formation and fatigue crack propagation, substructures around a fatigue crack in aluminium, copper, a-brass and aluminium-bronze have been examined by means of an X-ray microbeam technique and transmission electron microscopy.
I. Introduction
According to various investigations, fatigue cracks are nucleated at an early stage of fatigue, and most of the fatigue life is spent to propagate the cracks(1). Thus to elucidate the mechanism of fatigue crack propagation is considered as one of the most important problems in the study of fatigue.
Structural observations, which have so far been made * The major part of this paper (except the data of aluminiumbronze) was published originally in Japanese in Journal of the Japan Institute of Metals, 31 (1967) , 669, 674. ** Department of Materials Science , Faculty of Engineering, Tohoku University, Sendai, Japan. *** Graduate Student , Tohoku University, Sendai, Japan.
(1 mainly on aluminium, suggest that the substructure formation during fatigue appears to be closely related to the propagation of fatigue cracks. Holden(2) proposed propagation of the fatigue cracks caused by linking many fine microcracks formed along sub-boundaries. Grosskreutz(3) reported sub-boundaries to be a preferred path of a fatigue crack. On the other hand, McEvily(4) suggested that fatigue cracks advance by ductile shearing along the interface between sub-boundary and the ductile matrix. No conclusive evidence, however, has ever been obtained as to the question whether or not the substructure formation is necessary for the fatigue fracture of metals and alloys(5).
The present experiments aim at obtaining fundamental information on the role of substructures in the process of fatigue crack propagation.
II. Experimental Procedures
The materials used were pure aluminium (99.99%) melted in air, elctrolytic copper (99.9%) melted in vacuum, a-brass (3011%o Zn) prepared from electrolytic copper and pure zinc (99.99 %), and aluminium-bronze (8% Al) prepared from electrolytic copper and pure aluminium. They were cold-rolled to a thickness of 0.2mm.
Test pieces shown in Fig. 1 (a) were cut out of the cold rolled plates. They were fully annealed, and then subjected to fatigue tests using a resonancetype alternate bending apparatus(6). The resonance frequencies ranged from 300 to 500 c.p.s. (1) where P is the multiplicity factor, V the specimen volume irradiated by X-ray beams, N the number of depending on the strain in subgrains, the subgrain size and the wavelength range of the characteristic X-ray. Groups of fine spots reflected from grains consisting of subgrains and unsplit spots reflected from grains with no subgrains were usually observed in a DebyeScherrer ring of a fatigued specimen. Therefore, N' obtained from the following equation was used instead of N in eq. (1). (2) where a is the number of unsplit spots, b the number of subdivided groups, and nj the total number of fine reflecting spots included in the j-th subdivided group.
When grains are divided into smaller subgrains during fatigue, the orientation difference may arise both in subgrain and at sub-boundary owing to lattice 
adjacent subgrains, which is calculated from the spacing between the centres of the two adjacent spots in a group of subdivided spots.
Photo. 2 X-ray microbeam photographs of copper; (a) taken at the tip of a main crack, and (b) taken at the matrix
To confirm the results obtained from X-ray studies, transmission electron microscopy has been made on the substructures near a fatigue crack.
In the thin film on an aluminium specimen are shown in Photo. 1. Photo.1 (a) was taken at the tip of a main crack, and (b) was taken at a region far from the main crack and was consequently free from stress concentration at the crack tip. The latter region is called the "matrix"
hereafter.
As seen in these photographs, the diffraction spots taken at the tip of the main crack are split into many fine spots. crack and 0.2mm along its side (Fig. 4) . Photo. 2 and Fig. 5 show similar results obtained for copper. These results also suggest that there exists a plastic zone around a fatigue crack, indicating that the grains are divided into subgrains. The size of the zone is 0.2mm at the tip of the main crack and less than 0.1mm* along its side.
Some portions of the Debye-Scherrer rings of an abrass specimen are shown in Photo. 3; i.e., there exist substructures around a main crack, but no well-defined substructures in the matrix.
The irradiated sites are shown in Fig. 7 . The plastic zone is observed only around the fatigue crack.
The Solids, 6 (1958), 92. * When a crack is opened up as shown in Fig. 6(b) , the proportion of the subdivided grains irradiated by the X-ray beams, i.e., b/(a+b) (cf. eq. (2)), is much larger than in the case of Fig. 6(a) . Thus, the size of the plastic zone was assumed to be less than the radius of the X-ray beams. However, the remarkable spread of the diffraction spots suggests the existence of diffuse substructures. To confirm this, the fatigue fracture surface of aluminium-bronze has been examined by X-ray beams of the higher/ resolving power. In this case, a push-pull type fatigue testing machine has been employed and the shape of specimens used is shown in Fig. 1(b) . Using a graphs have been taken at the fracture surface and at each successive layer beneath the fracture surface which was removed by repetition of electropolishing. An example of the results is shown in Photo. 5, and the enlarged photograph (Photo. 6) clearly shows the subdivided spots. This observation leads to the conclusion that the substructures are formed near the fracture surface. The results of the X-ray observations are summarized in Table 1 . The definition of l and l' in the last column is given in Fig. 6 . The dislocation density within a subgrain, Da, has been calculated from the respectively; (a) was taken at the tip of a main crack, and (b) at the matrix. The substructure in a statically fractured specimen is not so distinct as in a fatigue fractured specimen, and no remarkable difference in the substructure between the matrix and the crack tip has been observed in the former specimen. The existence of a plastic zone with a well-developed substructure around the crack is characteristic of the fatigue fracture.
Transmission electron microscopy
The possibility that the deformation structure of a thin foil specimen is considerably different from that of a bulk specimen (14) can be eliminated, because the dislocation structure observed in the matrix of a fatigued thin foil specimen is quite similar to that observed in assumed that the results obtained on our thin-foil specimens can represent those of bulk specimens.
Subgrains have been observed in the vicinity of aluminium, copper, a-brass and aluminium-bronze, respectively) are in good agreement with the X-ray results. Although Grosskreutz(3) and others (18) suggested that the sub-boundaries be a preferred path of fatigue crack, no experimental evidence to support this has so far been presented. The present experiment offers some evidence to support this view. An example is given in Photo. 14, in which a fatigue crack indicated by an arrow propagates along a sub-boundary of the subgrain A. Some sub-boundaries appear to be a preferred path of the 19 shows the dislocation structure in the matrix of aluminium. These observations are in qualitative agreement with the X-ray results mentioned earlier.
The tensile crack propagation was often preceded by local thinning(21) as shown in Photo. 20. Therefore, it is concluded that there is a clear difference in the dislocation structures between the regions near fatigue and tensile cracks.
IV. Summary and Conclusion
(1) A so-called plastic zone around a fatigue crack has been observed by means of the X-ray technique. In aluminium-bronze and a-brass, subgrains have been observed only in the zone. In copper and aluminium, grains within the zone were divided into subgrains smaller than those in the matrix.
(2) Generally, the size of the plastic zone increases as and aluminium-bronze, respectively. The degree of the substructure development in the zone decreases in the bronze, i.e., in the decreasing order of stacking-fault energy.
(4) The results of transmission electron microscopy are in good agreement with those of X-rays.
(5) Regions of dark contrast have been observed around a fatigue crack by transmission electron microscopy, suggesting that the mode of deformation in these regions is more complex than in the other regions.
(6) A fatigue crack in aluminium easily propagates in the matrix of a well-developed substructure and the direct evidence supporting the view that a fatigue crack propagates along a sub-boundary has been obtained.
(7) In view of these experimental results, the substructure formation is concluded to play an important role in the fatigue crack propagation.
